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Introduction
Powder coatings are progressively replacing conventional liquid coatings [1, 2] . Nowadays, the use of powder organic coatings is widespread in several applications (automotive, Thermosetting resins are widely used due to their high tensile strength and modulus, good thermal and dimensional stability, excellent fatigue properties and good creep resistance. For outdoor applications, polyester based coatings are usually employed as they have high resistance to ultraviolet radiation (UV) [5, 6] . However, epoxy coatings present better mechanical and thermal properties, excellent adhesion to most substrates and high corrosion resistance [7] [8] [9] [10] . There are few studies of epoxy powder coatings at present [7, 11, 12] , since most of the studies on organic powder coatings have been focused on polyester [11, [13] [14] [15] [16] .
Several studies have shown how, by adding small amounts of fillers or nanoparticles, certain properties can be improved [7] [8] [9] 17] . Currently, it is widely known that wear is one of the most interesting characteristics to be enhanced for organic coatings [18] . Other properties such as corrosion resistance [7] [8] [9] [10] [11] or UV resistance [15] are looking to be improved. SiO 2 nanoparticles are the additions most used to improve wear resistance, although other nanoparticles, such as alumosilicate [18] or calcium carbonate [19] are also employed. This improvement has especially been observed for conventional liquid organic coatings [8, [20] [21] [22] . For example, Palraj et al. [20] have reported improvements in the abrasion resistance of organic coatings thanks to the use of nanoparticles instead of SiO 2 microparticles. Kang et al. [23] also have managed to reduce the wear of an epoxy coating with the addition of hydrophilic SiO 2 nanoparticles. Although good results have been demonstrated in liquid coatings, there is less literature on powder organic coatings, although several pioneering studies have already been published [13, 18] . Alumosilicate nanofillers in amounts up to 5% are able to reduce wear of epoxy powder coatings against a metallic counterbody through affecting viscoelastic properties [18] , while SiO 2 nanoparticles can exert abrasive wear resistance on textured powder polyester coatings [13] although the complex structure of textured coatings affects the enhancement. For this reason, it has been considered interesting to deepen this study.
The mixing method is important to obtain an adequate distribution of the nanoparticles in the powder matrix. The improvement in the wear of the organic coatings could depend on the homogeneous distribution of the nanoparticles in the resin matrix. In previous published studies, organic powder and the nanoparticles are usually mixed in an extruder [1, 7, 11, 20, 24, 25] There are also other different mixing methods that result in good final properties for the coating and which are more economical, for example, a mechanical stirrer [14] or ball milling [13] .
For this research, a hot mixer was used. This mixing method is faster and more economical than the extruder method, working at temperatures higher than room temperature, but not as high as those of extruders. Scant previous studies have focused on its use to manufacture reinforced powders for organic coatings. Sharifi et al. used a mixer [7] with an epoxy powder coating and clay nanoparticles, obtaining a homogenous coating with percentages of clay up to 5%. In addition, the temperature seems to have a positive effect on the separation of aggregates and agglomerates, as shown for pyrogenic silica [26] . Hence, there are previous published results that suggest the feasibility of the approach [7, 26] .
The coating application process is also a critical step, especially after adding the nanoparticles. For powder coatings, the charge of the powders may be affected because of the nanoadditions. The nanoparticles could also influence the powder flow and the viscosity during melting [27] .
Another important issue is understanding the effect of nanoadditions on the curing kinetics of the organic coatings. The mechanical properties (hardness, impact resistance) or the chemical resistance could be affected by the degree of the crosslinking. Few kinetic studies in powder coatings with nanoparticles are found in the literature. A study on the addition of nano-TiO 2 to a polyester powder coating shows that the nanoaddition decreases the temperature at which the curing reaction starts and ends [1] . The glass transition temperature (T g ) of the cured coating also reveals important data on the interaction of the nanoparticles and the resin matrix [7] .
Therefore, the main aim of this research is to achieve different epoxy organic coatings by adding different percentages of silica nanoparticles, trying not to change the curing kinetics and improving their erosion wear.
2.
Materials and Methods
Characterization of organic powders
The epoxy powder (RAL 5005) was supplied by Cubson International Consulting S.L. (Humanes de Madrid, Spain). The silica nanoparticles were hydrophilic fumed silica AEROSIL ® 90 (Degussa, Germany) with a specific surface area of 75-105 m 2 g -1 and an average size of 20 nm. The mixing of powder and nanoparticles was carried out in a Haake Rheocord 252p (Thermo Fisher Scientific, Massachusetts, USA) mixer at 72 ± 1 • C and 40 rpm for 15 min. All the mixes were carried out under dry conditions. Five different organic powders were studied: the as received organic powder (labelled as AR), the AR passed through the mixer (labelled as 0%) and three different mixtures with different percentages of nanoparticles: 1%, 2% and 3% by wt. No mixtures were carried out with higher amount of nanoparticles because they could start to interfere the charging process of the powders in the gun and, so, affect the applicability of the coating.
The particle size distribution of organic powders was measured with a laser analyzer Mastersizer 2000 (Malvern Instruments, Worcestershire, UK) to obtain the particle size distribution. An absorbance of 0.1 and a refractive index of 1.5 were used, typical values of an opaque black pigment. Three measurements of each sample were carried out. The D10, D50 and D90 values were calculated, being the diameters at which 10%, 50% and 90% of the mass of the sample have a smaller diameter than this value.
To evaluate if the use of the mixer can promote any change on the functional groups of the AR organic powders, they were analyzed by Fourier-transform infrared spectroscopy (FT-IR), using a spectrometer Spectrum GX Instrument (PerkinElmer, Massachusetts, USA). Tested pellets were made of KBr and the organic powder. FT-IR spectra of the organic powders were recorded in the range of 4000-400 cm -1 at a resolution of 4 cm -1 and 10 scans. To verify that the curing reaction of the organic coating after the mixer (0%) had not yet started, the possible curing degree between AR and 0% was calculated with equation 1 (at time of curing 0). The ratio of the areas of the bands 910 cm -1 (Abs 910 , characteristic of the oxirane group in the epoxy ring) and 1040 cm -1 (characteristic of C-H stretching in the aromatic ring of the bisphenol) were selected. The curing reaction does not affect the aromatic ring of the bisphenol at 1040 cm -1 , so it was used as a reference [28, 29] .
Thermal measurements were performed using differential scanning calorimeter (DSC) equipment, model 822 (Mettler Toledo GmbH, Greifensee, Switzerland). Each sample weighed approximately 10 mg and went into aluminum crucibles of 40 l. The samples were heated in the temperature range of 25-250 • C and nitrogen (35 ml·min -1 flow) was used as purge gas. Three different heating rates (5, 10 and 20 • ·min -1 ) were used to calculate kinetic parameters of the different powders.
The Kissinger method [30] and the model free kinetic (MFK) method [31, 32] were used to calculate the activation energy of the process and to evaluate possible effects of SiO 2 on the curing behavior. The Kissinger method uses equation 2, where E a is the activation energy (J·mol -1 ), ␤ is the heating rate ( • ·min -1 ), T p is the peak of curing curve (K), R is the gas constant (J·mol -1 K -1 ) and C is a constant. In this method, the E a is supposed to be constant during the curing process:
The STARe software (Mettler Toledo GmbH, Greifensee, Switzerland) was used to evaluate the kinetics by the MFK. The MFK is based on at least three temperature scans at different rates. In this model, the E a is not constant; it is calculated as a function of conversion degree of curing. Moreover, isothermal curves at different temperatures were simulated with the MFK method.
The epoxy powder was applied on carbon steel substrates (152 × 76 x 0.8 mm), using the 5 different powders. An electrostatic spray gun (Pulverizadora Manual Easyselect) with a control unit OPTITRONIC (ITW GEMA, San Galo, Switzerland) was used at 100 kV DC voltage source. Carbon steel sheets were degreased with acetone before the coating process. The curing of the applied powders was carried out in an oven at 180 • C for 15 min. The final thickness of the organic coatingsmeasured with a thickness gauge (Elcometer 456, Manchester, UK) ranged between 60-80 m.
Characterization of organic coatings
Scanning electron microscopy (SEM) images were taken with a Teneo SEM (Thermo Fisher Scientific Inc., Waltham, USA). A 10 kV electron beam was used and also an energy-dispersive spectroscopy (EDS) was used to perform semi-quantitative analyses.
The glass transition temperature (T g ) of the cured organic coatings was also calculated by DSC. A heating rate of 20 Stiffness and Vickers hardness (HV) of the organic coatings were studied. Stiffness measurements were carried out with a universal durometer ZHU 2.5 (Zwick Roell, Ulm, Germany). The applied load was 5 N, the speed load application was 1 mm·min -1 and the speed load removal was 10 mm·min -1 . Stiffness was calculated during the unloading [33] . HV measurements were performed with a Zwick CMT (Zwick Roell, Ulm, Germany) durometer. A load of 300 gf and a loading time of 10 s were used. In both cases, 9 measurements were carried out.
An opto-digital microscope Olympus DSX500 (Olympus Corporation, To kyo, Japan) was used to calculate the roughness values (S a ) of the epoxy based coatings. At least three measurements of S a were made in different zones of each organic coating sample.
Erosion wear was evaluated using a test based on ASTM D968-17 ("Standard Test Methods for Abrasion Resistance of Organic Coatings by Falling Abrasive"). Twenty liters of silica coarse sand (ø = 1-2 mm) were dropped from a height of 930 mm through a 19 mm diameter. Fig. 1 shows an erosive wear scheme. Samples were tilted 45 • and 60 • (␣) above the horizontal. The impact angle of the particles (␤), complementary to ␣, was also marked in Fig. 1 . Three tests were performed on each material, measuring the variation of thickness with a thickness gauge (Elcometer 456, Manchester, UK).
3.
Results and Discussion
Characterization of organic powders
The hot mixing process of the SiO 2 nanoparticles with the organic powder was carried out to allow a good homogeneity without approaching a temperature close to that the curing process takes place (at temperatures above 110 • C). It is important to know the particle size distribution because it affects the powder flow, the uniformity of charging and the agglomeration [34] . The size of the powder also influences its electrostatic charge during the gun application [35] .
As it can be seen in Fig. 2 , the powder distribution of the AR and the organic powder with the highest percentage of nanoparticles (3%) are similar. No dramatic effect of mixing process on particle size distribution can be appreciated. The presence of big agglomerates has not been found in the distributions. Fig. 3 shows the most typical parameters used to describe a powder distribution (D10, D50 and D90). These parameters are almost similar for the different organic powder samples. Even so, two different behaviors can be observed. Regarding the 0% sample, a small increase of the three parameters is seen compared to the AR. This could be related to a light bonding among epoxy particles due to the temperature applied during the hot mixing method. Furthermore, there is a slight decrease in the three parameters (D10, D50 and D90) for the samples that contain nanoparticles with respect to the 0%. This can be understood taking into account that nanoparticles impede the bonding between the epoxy particles. In addition, nanoparticles could affect the spraying process and the smoothness of the organic coatings. Homogenizing through hot mixing (72 ± 1 • C) does not change the particle size distribution so the mixing process would not be a problem for the spraying process.
In addition, fine particles can affect the surface finish of the coating. Heated organic powders melt at different rates and coarse particles simply take longer to melt than fine particles. [29, 38] .
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ArC Moreover, large particles can form hills in the film, influencing final coating smoothness (this is called ''orange peel" [36, 37] ).
As hot mixing has not promoted fine formation, a good finishing could be expected for final coatings. Fig. 4 shows FT-IR spectra of the AR and 0% organic powders. It can be seen that the two spectra are similar. The amount of organic powder (that is opaque) has to be very small to be able to distinguish the vibrations of the functional groups. The most important groups of the two components of the epoxy have also been indicated in Table 1 . The functional groups appear to be the same in both cases, hence heating in the mixer has not influenced them. The areas of the 1040 cm -1 and 915 cm -1 peaks are also checked for AR and 0%. These areas are practically the same for both cases, so using equation 1, the curing degree is 0.
The DSC analysis enables to determine adequate curing conditions for the powders [39] . DSC dynamic experiments were performed at three different heating rates in order to allow the Kissinger and MFK methods to be applied. The values of 5, 10 and 20 • ·min -1 were chosen because they are heating rates already reported in other similar kinetic stud- ies [38] . Fig. 5 shows the DSC spectra of all organic powders at 20 • ·min -1 . An endothermic transition from 65 • C to 85 • C turns up in the case of epoxy AR. This endothermic peak is higher than in the rest of powders. This is due to the enthalpy of relaxation [40, 41] . The other organic powders do not present this enthalpy of relaxation because they have been mixed at high temperature and therefore this previous heating relieves possible stresses. The second peak that appears in Fig. 5 is an exothermic peak and corresponds to the curing process of the organic coatings (crosslinking). The temperature range of the curing reaction is between 110 • C to 240 • C approximately, for a heating rate of 20 • ·min -1 . The five non-isothermal curves have very similar curing ranges, so at first, curing temperature of organic coatings do not seem to be significantly affected by the nanoadditions.
In order to study the curing process of the epoxy coating, the E a was calculated with the Kissinger equation (Eq.
2). Table 2 shows the temperature corresponding to the minimum of the curing curve (T p ), according to the heating rate used in each case. It can be seen that there is a small increase when the percentage of nanoparticles increases, especially in the case of 5 • ·min -1 and 10 • ·min -1 , although this increment is within the measurement error.
The E a value of the curing reaction is obtained by plotting -ln(␤/T 2 p ) vs. 1000/T p (Fig. 6 ). The value of the slope of the line multiplied by the gas constant (8.314 J·mol -1 K -1 ) gives the E a of each sample. The results obtained for E a ( Table 2 ) are similar to other works with epoxy resins [42] . When the amount of silica increases, E a also does, so the curing reaction is slightly slower. This could probably be related to the inhibiting effect on the crosslinking caused by SiO 2 nanoparticles in the epoxy. In any case, the differences compared to AR organic coating are small and the curing process does not seem to be affected. The Kissinger method [30] assumes that the curing reaction is of order 1. In a more complex cure system, however, a large number of parameters is required and the activation energy changes according to the extent of conversion without the assumption of a particular form of the reaction model [43] . In this situation, the model free kinetics (MFK) method can be an alternative approach because it is more accurate [44] . The MFK assumes that the activation energy varies during the curing reaction. To confirm that higher E a is required for the curing of organic coatings with higher nanoparticle content, the MFK method was performed. To calculate the variation of E a with the curing degree, first it is necessary to know the curing degree vs. temperature relationship. Fig. 7 shows the conversion curves of the 2% mixed powder coating at the three different heating rates.
In the MFK method, the E a varies according to the extent of conversion, as shown in Fig. 8 . The main difference observed is that samples that do not contain nanoparticles need a higher energy at the beginning of the reaction than those that have a percentage of SiO 2 . The AR needs about 130 kJ·mol -1 to start curing, while the 0% needs 85 kJ·mol -1 . The higher E a implies a slower process, at least during the first stages of the curing. This can be understood because the 0% has been previously subjected to temperature in the mixer, so extra energy has been added to the organic coating. In both cases, the E a takes a constant value of 68 ± 1 kJ·mol -1 from a degree of conversion of 30%. Samples with nanoparticles begin the curing reaction with a lower E a than AR and 0%, 1% and 2% mixed powder coatings have a similar kinetics and their E a is more constant during the curing. Their initial E a are 75 and 77 kJ·mol -1 respectively, then they increase slightly and finally they decrease until a stabilization of 69 and 71 kJ·mol -1 respectively. Furthermore, for the case of 3%, the difference is higher, as it requires an initial E a of 61 kJ·mol -1 and then stabilizes to 73 kJ·mol -1 . These results show that the silica nanoparticles are catalyzing the curing reaction [45] and, therefore, the E a is lower at the beginning. At the beginning, a greater quantity of nanoparticles favors the catalytic mechanism of curing. However, when the oxiranes begin to open (autocatalytic mechanism), nanoparticles interfere since a steric effect is occurring, and consequently the E a increases. The addition of nanoparticles increases the final E a needed to carry out the curing process when it is stabilized. There are positions occupied by the silica, which hinders the end of the reaction. The results of the E a when the curing process is already stabilized (at 50% of curing degree) can also be observed in Table 3 . Therefore, although numerically the results are not equal, they have the same tendency of the results obtained with the Kissinger method.
Thanks to the MFK method, the time required for each sample for curing could also be simulated at two different temperatures. The results are shown in Table 4 . At the lowest curing temperature, longer times are logically required to cure the organic coating. The differences are very small among materials, although it can be assumed that the percentage of nanoparticles increases the curing time. Silica nanoparticles affect it slightly. The industrial conditions for curing recommend 15 min at 180 • C. The difference with the results obtained is related to the amount of mass that is used for the DSC test and a real specimen. Due to practically no changes with the AR, it is still considered that industrial conditions remain optimal for powder coatings with the studied nanoparticles.
Characterization of organic coatings
All organic coatings were examined by SEM. No relevant differences were observed among the 1, 2 and 3% coatings. Fig. 9 shows representative SEM images corresponding to the AR organic coating (Fig. 9a) and an organic coating with silica nanoparticles (Fig. 9b) . The main particles found are also indicated in the images. The EDS study has also allowed to analyze different components of the organic coatings. It can be seen that the epoxy powder coatings contain fillers as talc (the big white areas) and TiO 2 (the small white areas). Comparing the images corresponding to the AR coating (as Fig. 9 left and with those corresponding to coating with nanoparticles (as Fig. 9 right) , it can be checked that the reinforcements form no detectable agglomerates of nanoparticles. The absence of these agglomerates for all the studied coatings can be granted after the careful SEM study carried out. Furthermore, the different results carried out about thermal and mechanical properties ( Table 5 ) neither suggest the presence of detrimental agglomerates. However, in addition to the fillers and pigments that the organic coatings have, the presence of nanoparticles can be observed in the 2% since there is a white contrast (heavy particles such as SiO 2 ) with the black matrix (light particles such as epoxy). This contrast is not noticeable in the AR, where the matrix has a homogenous color, since there are no nanoparticles.
After checking that the curing process of the different organic studied powders is similar, analogous thermal properties in the cured organic coatings are expected. Table 5 shows the small variation that exists in the T g of all organic coatings. The main important factors that can affect the T g are the curing process and the particle dispersion [46] . Generally, when the T g of the organic coating increases with the presence of nanoreinforcements, it is due to the restricted mobility of the polymer chains, caused by the strong interactions between nanoparticles and the resin matrix [47] [48] [49] . In this case, the T g is not affected by the silica nanoparticles, since there is no significant change among the different samples and this also gives an idea of the homogeneity of the mixture. If the T g had decreased with a higher content of SiO 2, this would have meant that there are agglomerates that do not allow a good crosslinking of the organic coating. Hence, the organic coating would have been softer.
As can be seen also in Table 5 , stiffness and hardness Vickers augment with the increasing nanosilica content. Other studies of epoxy coatings with SiO 2 nanoparticles also show the increase of stiffness due to the nanoreinforcements [17, 50] . Nanoparticles are introduced between the chains of the epoxy [8] , making the organic coating more rigid and harder than the unreinforced organic coatings. Furthermore, the results obtained from the T g (Table 5 ), can be related to the values of hardness (Table 5 ). In this case, it is also possible to confirm the good crosslinking of the chains since the hardness does not decrease, but increases with the addition of the nanoparticles [51, 52] . Roughness values (S a ) are also included in Table 5 . It can be seen that AR y 0% coatings exhibit similar roughnesses, therefore, it can be concluded that the method of mixing does not affect the roughness of the organic coatings. However, S a increases as the nanosilica content of the coating does. Other authors also obtain greater values of roughness when they add silica nanoparticles to their epoxy coatings [23] . Fig. 10 shows the two results for erosive wear. Epoxy is brittle [49] and erosion takes place then by the formation and intersection of subsurface cracks. The erosion resistance of the organic coatings with nanoparticles may decrease or increase depending on the degree of dispersion of the nanoparticles, the particle content, the particle size distribution and the test performed [20] . ASTM D968 standard indicates 45 o tilting angle for testing. In this work, the tests were performed with the samples tilted at two different angles (␣ = 45 • and ␣ = 60 • ). The use of two different tilting angles allows obtaining a more detailed wear study, as the wear mechanism of a given material is usually affected by the titling angle. These angles were chosen because they had already been used in similar studies [53, 54] that show the influence of different damaging behaviors depending on the tilting angle. It is generally assumed that erosion of materials takes place under two main mechanisms: cutting and deformation [53] .
Cutting is usually associated with the impact of particles with enough energy to gouge fragments of material. This mechanism easily causes a loss of material when ␣ is close to 90 • . On the other hand, deformation relates to particles that impact perpendicular to the surface and that are able to generate stresses higher than yield strength [54] causing this type of damage on the coating. Actually, when the samples are titled at intermediate angles, the mechanism of erosion by solid particles and the total erosion caused in the coating can be often expressed as the sum of effects of the deformation and the effects of the cutting erosion [53, 54] . Initially, deformation should be the main effect of the impacts, increasing the roughness of the surface. In rough, deformed surfaces, the loss of thickness of the coating by cutting would start to be the dominant wear mechanism. The obtained results (Fig. 10) prove that, when ␣ increases, the impacts become more aggressive to the coating, being the loss of thickness of all organic coatings greater for the case of 60 • than the 45 • tests. Higher titling angles cause impacts that favor higher deformations of the surface of the coating. When further impacts take place on deformed surfaces, partial cutting of small pieces from the coating tends takes place. When, after a certain amount of previous impacts, the cutting mechanism becomes the controlling step, the highest damage occurs, and fast thickness losses of the coating are observed.
The increase of stiffness and hardness of the coatings due to nanosilica additions should foreseeably allow to achieve an decrease on the wear losses [55] . The positive effect of nanosilica addition on the wear resistance can clearly be observed for the 1% coatings, where the amount of added nanoparticles does not cause any noticeable increase on their roughness (Table 5) . For these coatings, the hardening caused by the nanoadditions (Table 5 ) makes the surface less deformable against the impacts and delays the onset of the cutting step. However, for tests carried out at 45 o , the beneficial effect of further hardening achieved by adding 2% or 3% SiO 2 (Table 5) is masked by the increase on the roughness of the surface that also takes place due to the additions ( Table 5 ). As the roughness increases, the probabilities of impacts provoking higher losses of material by cutting do, and this wear mechanism becomes soon the controlling one for rough surfaces. The time the cutting mechanism takes to the be controlling step during the wear tests is the key point for determining the final mass losses. For this reason, when nanoreinforced coatings are tested at 45 • , the thickness losses for 1% are the minimum (Fig. 10 ), but further amount of additions has a negative effect.
On the other hand, for erosion tests carried at 60 • , the striking particles already collide in way that can easily cause marked deformations after a few impacts. Hence, mass losses by cutting mechanism can soon appear in erosive test for nonrough coatings. 60 • titling angle is a more aggressive condition than 45 • , so the effect of the stiffness increase achieved SiO 2 additions dominate over that caused by the highest S a . In this case, the effect of the roughness on the time delay needed for the cutting mechanism to be the controlling step become less relevant. For the highest impact angle tested, the coating with the highest amount of silica tested -the one with higher stiffness-become the most wear-resistant.
Hence, the addition of 1% SiO 2 can be positive for the epoxy coatings to withstand erosive stresses at moderate titling angle impacts, though, when particles collide forming higher, more aggressive angles with the material, higher concentration of nanoreinforcements would be advisable, as their effect silica on the mechanical properties of the coating becomes more critical than the modifications that they cause on the roughness.
Conclusions
The main conclusions that can be drawn from this research are:
• The method of mixing used can be adequate to mix hydrophilic silica nanoparticles and epoxy powder. The heat employed during mixing does not affect the initial organic powder properties, as FT-IR has proved.
• The two methods used to study the curing kinetics of organic coatings -the Kissinger and the MFK-, show similar values for E a . In addition, the percentage of nanoparticles slightly increases the E a values in both cases.
• The MFK shows that organic coatings containing nanoparticles have similar kinetics (E a vs. curing degree), compared to AR and 0% organic powders. The main difference is observed in the catalytic effect of the nanoparticles at the beginning of the curing reaction.
• The T g of the cured organic coatings does not vary meaningfully, which means that the nanoparticles have not influenced the curing process of the epoxy coating. More-over, it confirms the good homogeneity of the mixture as well.
• Silica nanoparticles have promoted the increase in the stiffness and hardness of epoxy powder coating.
• Erosion wear is influenced by the mechanical properties of the coatings and their roughness. The addition of 1% SiO 2 improves the wear resistance in the two tests carried out, though when particles collide at 60 o with the samples, the lowest thickness loss was found for the epoxy with 3% SiO 2 .
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